Introduction
============

Diabetic wounds have become a significant cause of diabetes related amputations, which lead to high medical cost and poor life quality of patients [@B1]. Normal wound healing is a complicated biological process involving three typical phases: inflammation, proliferation and remodeling, which involves many types of cells, cytokines and extracellular matrix (ECM) [@B2]. Mechanisms underlying poor healing of diabetic wounds are still unclear, yet the reasons for this dread complication of diabetes mainly involves hypoxia, impaired angiogenesis, damage from reactive oxygen species (ROS), and neuropathy, leading to long-time medical burden and compromised life quality of those patients [@B3]. Conventional clinical treatment of diabetic wounds includes surgical debridement and negative pressure therapy with wound dressings [@B1], [@B4]. However, these treatments often seem ineffective for many patients due to impaired cell function around the wound sites [@B5]. To solve these problems, therapies based on mesenchymal stem cells (MSCs) showed great potential for wound healing due to their ability to recruit cells and release growth factors and proteins, yet problems still arose because of immunological rejection, limited differentiation and proliferation ability, and chromosomal variation of stem cells [@B6], [@B7]. Recently, emerging studies showed that transplanted stem cell therapy may exert its function through a paracrine mechanism instead of direct differentiation, particularly by secreting extracellular vesicles [@B8], [@B9]. Exosomes are nanosized vesicles (40-150 nm) that are considered as primary secretory products from MSCs and can regulate cell-to-cell communication through transferring the contained mRNAs, miRNAs, and proteins to target cells and facilitate wound healing [@B6]. Moreover, they are immune-tolerant, have similar biological functions to those of the cells from which they are derived, and can be used as a possible alternative to MSCs therapy [@B10]. Angiogenesis is a critical factor determining the outcome of diabetic wound healing [@B2], [@B11]. Recent studies also showed that exosomes could improve wound healing by speeding up angiogenesis, which exhibited great promises for diabetic wound therapy application [@B12], [@B13]. For example, Guo et al. reported that exosomes derived from platelet-rich plasma can promote chronic cutaneous wound healing through YAP activation [@B14]. However, the common method of exosomes administration is injection, which can affect their function due to the rapid clearance rate [@B15]. On the other hand, diabetic wound repair and regeneration require a relatively long healing time. Herein, it is necessary to develop a novel biocompatible scaffold that can serve as a sustained release carrier for exosomes to maintain their bioactivity at the diabetic wound area and further accelerate wound healing.

Biomedical hydrogels, structurally similar to the natural ECM, have been considered promising biomaterials to deliver drugs/cells for wound treatments [@B16], [@B17]. An ideal wound-healing hydrogel scaffold should have these features: appropriate mechanical properties, good water retention, anti-infection capacity, injectable capacity, and excellent cell biocompatibility [@B18]. Self-healing hydrogels exhibit rapid and autonomous self-recovery ability after damage caused by external forces, possibly maintaining their structural stability during the wound healing [@B19], [@B20]. Hydrogels with inherent antibacterial activity possess several advantages such as preventing infection, absorbing wound fluid and offering gaseous exchange [@B21]. Current antibacterial materials include inorganic metal ions or nanoparticles, reactive oxygen species (ROS)-producing molecules, antimicrobial peptides, etc., which also have their own disadvantages such as potential cytotoxicity, the limitations of utilization, low productivity and high production costs [@B22]-[@B25]. The injective and adhesive capacities of hydrogels could endow them with good operability and long term attachment on wound during healing [@B26]-[@B28]. In particular, the good cellular biocompatibility plays an important role for hydrogels, which could enhance cell proliferation and differentiation [@B29]. Hydrogel scaffolds contained amine groups have shown their potential for enhanced biocompatibility and integration with host tissue [@B30]. Poly-ε-L-lysine (EPL) is natural cationic polypeptide produced from Streptomyces albulus, which showed good biodegradability, inherent antibacterial activity and biocompatibility [@B31]. The US FDA has approved EPL for clinical uses or as a food-grade cationic antimicrobial [@B32]. Furthermore, the L-lysine residues in EPL enabled their facile surface modification to synthesize biomedical hydrogels. For example, EPL and poly(ethylene glycol) hydrogel with adhesive property has been fabricated for potential tissue regeneration applications [@B33]. On the other hand, exosome-based delivery by hydrogel probably will enhance the angiogenesis and tissue formation during wound healing. Recent studies also showed the use of hydrogels to deliver exosomes for restoring vascularization and promoting wound healing [@B34], [@B35]. Chitosan-based hydrogels loaded with exosomes have been developed for accelerating angiogenesis and wound healing [@B33]. However, hydrogels composed of natural polypeptides with multiple functions for exosome delivery and tissue regeneration were very rare in reports [@B36]. Therefore, it is very necessary and promising to fabricate an injectable self-healing and adhesive hydrogel with inherent antibacterial activity for delivering exosomes to promote chronic diabetic wound healing.

In this study, we developed an injectable self-healing polypeptide-based hydrogel that exhibited inherent antibacterial activity and pH-responsive long-term exosomes release (Scheme [1](#SC1){ref-type="fig"}). The multifunctional hydrogel was composed of Pluronic F127 (F127), oxidative hyaluronic acid (OHA), and EPL (denoted as FHE hydrogel). The FHE hydrogel was formed through a reversible Schiff base reaction between OHA and EPL, and the thermal-responsive property of F127 (Scheme [1](#SC1){ref-type="fig"}B). In this hydrogel, OHA provides the water-retaining ability and biocompatibility, EPL gives the intrinsic antibacterial activity and adhesive ability, F127 offers the thermal-responsive gelation, and Schiff base bonds (OHA and EPL) endow the self-healing performance. The adipose mesenchymal stem cells (AMSCs)-derived exosomes exhibit representative negative potential and could be loaded in the hydrogel through the electrostatic interaction between exosomes and EPL. The exosomes could be released under a weak acidic environment due to the broken of Schiff base bonds. Herein, for the first time, we reported that the self-healing multifunctional FHE hydrogel could be used to deliver bioactive exosomes for enhancing diabetic wound healing and skin regeneration. The effect of long-term exosomes released in the FHE hydrogel on angiogenesis and diabetic wound healing was studied.

Results and discussion
======================

Physicochemical structure characterization of FHE hydrogel
----------------------------------------------------------

The schematic representation of the FHE hydrogels is shown in Scheme [1](#SC1){ref-type="fig"}. First, the aldehyde groups were introduced to HA through oxidation by sodium periodate (Scheme [1](#SC1){ref-type="fig"}A). Oxidized HA was identified by ^1^H NMR, in which the new peaks at 4.9 ppm and 5.0 ppm corresponded to protons from the aldehyde group and adjacent hydroxyls (Figure [S1](#SM0){ref-type="supplementary-material"}). The actual oxidation degree of HA was quantified by measuring the number of aldehydes groups in the polymer using a hydroxylamine hydrochloride assay, and the results are shown in Table [S1](#SM0){ref-type="supplementary-material"}. Oxidized hyaluronic acid (OHA) can react with amino groups in EPL to form Schiff bases (Scheme [1](#SC1){ref-type="fig"}B). When mixing the F127 and EPL solution with the OHA solution, the mixed solution forms the hydrogels (100 μl) through a sol-to-gel transition in approximately 10 s at 37^°^C (Schemes 1C-D). The chemical structure of the hydrogels was determined by FT-IR analysis (Figure [1](#F1){ref-type="fig"}A). The peak at 1660 cm^-1^ was assigned to the carbonyl (-C=O) from EPL and HA. The aldehyde group (-CHO) stretch in oxidized HA (OHA) was found at 1735 cm^-1^. The double peaks at 1467 cm^-1^ and 1342 cm^-1^ were attributed to the ether bond (-C-O-C-) from F127. The disappearance of the peak at 1735 cm^-1^ in FHE hydrogel indicated the successful reaction between OHA and EPL. In addition, after freeze-drying, the FHE hydrogel showed a typical 3D porous morphology and the EPL content did not significantly affect the pore structure (Figure [1](#F1){ref-type="fig"}B).

Multifunctional properties evaluation of FHE hydrogels
------------------------------------------------------

The rheological properties of FHE hydrogel under various conditions were tested to evaluate the mechanical behavior (Figures [1](#F1){ref-type="fig"}C-F). At 4^°^C, the storage modulus (G\') was significantly lower than the loss modulus (G\'\') in the F127 and FH groups, suggesting their low viscosity (Figure [1](#F1){ref-type="fig"}C). However, for FHE5 and FHE10 groups, the G\' was high compared with G\'\', indicating the increased viscosity after adding OHA and EPL (Figure [1](#F1){ref-type="fig"}C). The significant low modulus at 4^°^C (approximately 10 Pa) suggested that various hydrogels should be in the sol state but not the gel state (Scheme [1](#SC1){ref-type="fig"}). The G\' and G\'\' of all hydrogels were significantly increased with the temperature at 25 and 37^°^C, and the G\' was significantly higher than the G\'\' in all groups, suggesting the hydrogel formation (Figure [1](#F1){ref-type="fig"}C). In addition, the rheological analysis and macroscopic test were used to evaluate the self-healing performance of the FHE hydrogels, using F127 and FH as controls (Figures [1](#F1){ref-type="fig"}D-G). When the step strain changed from 1% to 1000%, the G\' for various hydrogels was significantly decreased from \~10kPa to several Pa (Figure [1](#F1){ref-type="fig"}D). After two cycles of step strain, the G\' of the F127 and FH hydrogels showed a significant decrease, while those of the FHE-5 and FHE-10 hydrogels presented a negligible change (Figure [1](#F1){ref-type="fig"}E). The decrease in G\' was caused by the collapse of the hydrogel network due to the high dynamic strain (1000%). After releasing the strain to 1%, the FHE-5 and FHE-10 hydrogels returned to their initial G\' values quickly, suggesting the recovery of their hydrogel structure (Figures [1](#F1){ref-type="fig"}D-E and Figure [S2](#SM0){ref-type="supplementary-material"}A-D). We also tested the rheological properties of hydrogels before and after healing (Figure [1](#F1){ref-type="fig"}F). No significant difference can be found in G\' between the FHE-5 and FHE-10 hydrogels, indicating their fast recovery ability (Figure [S2](#SM0){ref-type="supplementary-material"}E). After adding new hydrogel to the defect in dydrogel, the FHE-5 hydrogel repaired the defect within 16 h (Figure [1](#F1){ref-type="fig"}G), and no significant difference was observed in the rheological properties and structure between the initial and after healing hydrogel (Figure [S2](#SM0){ref-type="supplementary-material"}G and S2K). Additionally, the FHE-5 hydrogel could be extruded through a medical plastic catheter with an 0.8 mm of inner diameter and 10 cm of length without clogging and recover the gel state in a "rat" shape after injection, indicating its good injectability (Figure [1](#F1){ref-type="fig"}H). The injectability of FHE hydrogel was also characterized in its the shear thinning properties (Figure [S2](#SM0){ref-type="supplementary-material"}F). FHE-5 hydrogel also exhibited very good adhesive ability on skin, which may benefit the wound healing process (Figure [1](#F1){ref-type="fig"}I). The mechanism of the self-healing hydrogel probably was based on the dynamic Schiff based bond (Figure [1](#F1){ref-type="fig"}J and S2H-J) [@B37], [@B38]. Due to the presence of the antibacterial polypeptide (EPL), the FHE hydrogel demonstrated robust antibacterial activity (Figure [S3](#SM0){ref-type="supplementary-material"}). Compared with the F127 hydrogel, the FHE hydrogel efficiently killed the *E. coli* (Gram-negative bacterium) (Figures S3A-B) and *S. aureus* (Gram-positive bacterium) just after 2 h of incubation (Figures S3C-D). E. coli and S. aureus showed a significant increase after incubation with F127-HA (FH), indicating the excellent antibacterial ability of FHE hydrogels. After 13 days, the FHE-5 hydrogel exhibited a representative pH-responsive degradation *in vitro*; the weight residual was approximately 20 % (pH 7.4) and 1 % (pH 5.5), indicating that the FHE-5 hydrogel also has been mostly degraded *in vivo* (subcutaneous) (Figure [S4](#SM0){ref-type="supplementary-material"}). The multifunctional properties of FHE hydrogel including injectability, self-healing, antibacterial and adhesive activity enable their promising applications in wound healing.

Exosomes characterization, release profile and HUVECs biocompatibility evaluation *in vitro*
--------------------------------------------------------------------------------------------

The obtained AMSCs were characterized by flow cytometry analysis for positive expression of CD90 and CD44, and negative expression of CD45 and CD34 (Figure [2](#F2){ref-type="fig"}). The AMSCs-derived exosomes were then harvested by differential centrifugation of the AMSCs conditioned media. TRPS analysis, TEM, and western blotting were performed to identify the purified exosomes. The TRPS measurement showed that the size of the AMSCs-derived exosomes was approximately 60-80 nm (Figure [2](#F2){ref-type="fig"}A), which was concordant with the previously reported exosomes size distributions [@B39]. TEM revealed that AMSCs-derived exosomes exhibited a cup- or round-shaped morphology with a size below 100 nm (Figure [2](#F2){ref-type="fig"}B), which was consistent with the data from the TRPS analysis. Western blotting indicated that these exosomes were positive for the characteristic exosome surface marker proteins, including Alix, CD9, CD63 and CD81 (Figure [2](#F2){ref-type="fig"}C), which was also described by other studies [@B15], [@B40]. All these results indicated that the AMSCs-derived exosomes were successfully obtained in this study.

The exosomes release profile is shown in Figures [3](#F3){ref-type="fig"} A and B. The bioactive exosomes were effectively encapsulated in the FHE hydrogel and exhibited a representative long term pH-responsive sustained release behavior. To investigate the angiogenic ability of AMSCs-derived exosomes, transwell coculture system was used. The function of free exosomes or FHE\@exo hydrogels on HUVECs proliferation was tested by CCK-8 cell counting analysis. The results showed that HUVECs treated with FHE hydrogel showed equal proliferative capability to that of the control groups, but the sustained release of exosomes from FHE hydrogel can significantly enhance the proliferation of HUVECs over that of the free exosomes groups (Figure [3](#F3){ref-type="fig"}C). This result suggested that the FHE hydrogel possessed good biocompatibility and non-cytotoxicity towards HUVECs. Moreover, the sustained release of exosomes from the FHE hydrogel could remarkably enhance the proliferation of HUVECs than one-time treatment of exosomes, indicating that the FHE hydrogel can increase or at least maintain the bioactivity of released exosomes and can be an excellent carrier for the sustained release of exosomes.

Angiogenesis is the biological process of new vessel formation involved in endothelial cell proliferation, migration, and tube formation, which can determine the outcomes of diabetic wound healing because newly formed vessels can transport oxygen and nutrition into wound sites [@B2], [@B41]. To evaluate the effect of FHE\@exo hydrogel on migration and tube formation of HUVECs, exosomes or FHE\@exo hydrogel pretreated HUVECs were seeded on the chamber of the transwell or Matrigel. The total migrated cells and tube numbers were counted to assess the angiogenic ability of HUVECs. As shown in Figures [3](#F3){ref-type="fig"} D and E, exosomes remarkably enhanced the motility of HUVECs compared to that of the control, and this effect on HUVECS was increased with the treatment of FHE\@exo hydrogel. Furthermore, better tube formation performance was observed in FHE\@exo hydrogel group, characterized with higher tube numbers and complete tubular structure when compared to the FHE hydrogel or exosome alone groups (Figures [3](#F3){ref-type="fig"} F and G). This observed phenomenon indicated the sustained release of exosomes could exert a potent effect on angiogenesis, which also confirmed the previous research that exosomes can accelerate angiogenesis and promote wound healing [@B13], [@B42], [@B43]. Herein, the above *in vitro* results showed that AMSCs-derived exosomes activate a cascade of angiogenic responses in HUVECs, including cell proliferation, migration and angiogenic activities, and the sustained release of exosomes from the FHE hydrogel further enhanced the angiogenic ability of HUVECs.

Diabetic wound healing examinations *in vivo*
---------------------------------------------

To explore the healing efficiency of FHE\@exo hydrogel on the cutaneous wound repair process, FHE\@exo hydrogel, exosomes and FHE hydrogel were applied to the full-thickness diabetic wounds and saline were used as the blank control. Figure [4](#F4){ref-type="fig"}A exhibits the size change of the diabetic wounds from four groups on days 0, 3, 7, 14, and 21 postsurgery. Gross observation of wound closure in mice showed that all treated wounds achieved a remarkable decrease in wound size at 14 and 21 days, while the negative control exhibited a slow decrease of wound size during the experimental time. Among them, the FHE\@exo hydrogel possessed the most efficient healing with complete closure and hair growth of diabetic wounds at day 21. Consistent with the gross observation, the quantitative wound closure rates showed that the FHE\@exo hydrogel group exhibited faster healing rates than those of other groups during the whole healing process with 88.67±6.9% closure rate on day 14, while other groups reached final healing rates of 76.3±3.2% (exosomes), 64.3±9.8% (FHE hydrogel) and 36.3±10.4 (control), respectively (Figure [4](#F4){ref-type="fig"}B). Moreover, with the loading of exosomes into the FHE hydrogel, the healing performance of the FHE\@exo hydrogel was obviously promoted when compared with the pure exosomes, indicating that the FHE\@exo hydrogel can promote the wound healing process through sustained release of exosomes.

H&E staining was then used to assess the healing pathology of FHE\@exo hydrogel treated wounds. As shown in Figure [4](#F4){ref-type="fig"}C, unlike the control group, which exhibited with no formed neoepidermis, abundant granulation tissue formed with thinker and more layers in the wound gap of FHE\@exo hydrogel, pure exo and FHE hydrogel groups at day 7. The calculated length of wound area also showed a significant difference between FHE\@exo and other groups, with the shortest ones in FHE\@exo hydrogel group, followed by pure exosomes, FHE hydrogel and control, respectively (Figures [4](#F4){ref-type="fig"}C, 3D). At day 14, the thickness of granulation tissue was much higher than that at day 7. Although a noticeable reduction in the wound length was also observed in all groups when compared to day 7, FHE\@exo hydrogel treated wounds exhibited with the most abundant granulation tissue and shortest wound length (Figure [4](#F4){ref-type="fig"}E). Moreover, skin appendages were clearly observed at day 21 in the FHE\@exo hydrogel group with a significantly higher number of dermal appendages (Figures [4](#F4){ref-type="fig"}C and F) in the scar tissue when compared with other groups, indicating that complete skin repair can be achieved by the FHE\@exo hydrogel treatment. It should also be mentioned that despite the fact that pure exosomes can be useful for wound healing, the long-time release of exosomes from FHE\@exo hydrogel can be more efficient on diabetic wound repair and regeneration from the H&E staining analysis.

Collagen deposition analysis *in vivo*
--------------------------------------

Proper collagen deposition and remodeling could improve the tissue tensile strength and result in better healing effect [@B44], [@B45]. Figure [S5](#SM0){ref-type="supplementary-material"} exhibits the deposition of newly formed collagen in wounds treated by different methods. We can see wounds treated by FHE\@exo hydrogel and exosome showed abundant and relatively well-organized collagen fibers at day 7, and the amount of collagen fibers increased with healing time, characterized by abundant well-arranged fibers appearing in the wound site. The FHE hydrogel group showed less collagen, and collagen deposition in control wounds can be hardly seen at day 7 and still had a lower level and loosely packed of collagen fibers when compared with others at day 21. Particularly, FHE\@exo hydrogel treated wounds completely healed and skin appendages can be clearly seen at day 21, and this outcome was consistent with the H&E results (Figures [4](#F4){ref-type="fig"}C and F). Masson staining results suggested that FHE\@exo hydrogel, the exosomes sustained release system, can improve collagen deposition in wound site, resulting in accelerated skin regeneration and better and even complete repair of full-thickness diabetic wounds.

The type Ⅰ and Ⅲ collagens are primary constituents in dermal ECM, which is very important in wound healing [@B46]. Hence, the collagen Ⅰ/Ⅲ levels in the wound tissues were evaluated by immunostaining. Figure [5](#F5){ref-type="fig"} shows the deposition amount of collagen Ⅰ and Ⅲ exhibited similar changing trends to Masson staining. With the increase in healing time, the deposition of both types of collagens also increased in all wounds, while the FHE\@exo hydrogel group showed significantly higher intensity (Figures [5](#F5){ref-type="fig"}A-D) than that of other groups at 7 and 21 days posttreatment, followed by the exosomes, FHE hydrogel and control groups. It is known that scar tissue exhibited relatively lower Col III content than that of normal skin, and early abundant deposition of collagen Ⅲ would facilitate healing and result in scarless skin [@B47], [@B48]. Connecting the pathological results with formed skin appendages and well-organized collagen fibers, the abundant collagen formation during the healing period benefited the collagen matrix remodeling and stimulated complete healing, leading to better healing outcomes with more similar healed tissue to normal skin.

Re-epithelialization and angiogenic ability assessment *in vivo*
----------------------------------------------------------------

The immunohistochemical staining of cytokeratin, which is a vital biomarker related to the differentiation and re-epithelialization of epidermal [@B49], was performed to assess the re-epithelialization level during healing. As shown in Figures S6A and B, the FHE\@exo hydrogel group exhibited strongest staining of cytokeratin within neoepidermis at both day 7 and 14 in comparison to the other groups. FHE\@exo hydrogel treated wounds also exhibited the thickest neoepidermis with differentiated structures and more well-organized layers (Figure [S6](#SM0){ref-type="supplementary-material"}A), while control wounds showed significantly lower staining of cytokeratin with less re-epithelialization as observed. Moreover, FHE hydrogel or pure exosomes alone also promoted re-epithelialization of the diabetic wounds, characterized with more positive stained cells with cytokeratin in the neoepidermis than those in the control group. This outcome also confirmed that the AMSCs-derived exosomes released into the wound sites promoted the epithelial cell differentiation [@B42], leading to stronger cytokeratin levels and faster re-epithelialization. The above data suggested that FHE\@exo hydrogel, a sustained release system of exosomes, exerted a synergic effect of FHE hydrogel and exosomes, together leading to faster re-epithelization and wound healing.

The above results revealed that FHE\@exo hydrogel can be very efficient for diabetic wound healing through facilitating granulation tissue formation and re-epithelialization during repair. These processes are closely connected to cell activities [@B44]. In this study, we also evaluate the cell proliferation activities by performing immunostaining of Ki67 at day 7 and 14 (Figure [S6](#SM0){ref-type="supplementary-material"}C) [@B50]. As shown in Figure [S6](#SM0){ref-type="supplementary-material"}C, positive staining of Ki67 was found in FHE\@exo hydrogel and exo groups (Figure [S6](#SM0){ref-type="supplementary-material"}D), while the FHE hydrogel and control groups showed very small amount of positive staining of Ki67 at both time points. Although no difference can be found by visual inspection, the quantitative data of the positively stained Ki67 numbers revealed that a significantly higher level of Ki67 was expressed in FHE\@exo hydrogel group (Figure [S6](#SM0){ref-type="supplementary-material"}D) than that of the exo group. Meanwhile, the Ki67 levels of all wounds moderately decreased at day 14 when compared with day 7. At that time, the healing stage had nearly progressed from proliferation to tissue remodeling, which explained the reduced cell proliferative activities and was also confirmed by the H&E staining with less granulation tissue. Moreover, reduced proliferative activities during the late repair stage may prohibit tissue hyperplasia and lead to relatively satisfactory outcomes [@B47]. These results confirmed that the FHE\@exo hydrogel exosomes sustained release system enhances the cell proliferative activity of wounds sites, which promotes granulation tissue formation and further facilitates wound healing.

Blood vessels have been considered critical for tissue regeneration due to their functions of providing nutrition and oxygen for cells around wounds [@B48], [@B51]. From the *in vitro* results we can see FHE\@exo hydrogel has a potent angiogenic promoting effect towards HUVECs (Figure [3](#F3){ref-type="fig"}). Nevertheless, whether the *in vitro* angiogenic ability of FHE\@exo hydrogel would affect the angiogenesis in diabetic wounds remained unclear. Therefore, the level of alpha-smooth muscle actin (α-SMA) was assessed to evaluate newly formed vessels within the regenerated tissue (Figure [6](#F6){ref-type="fig"}A). FHE\@exo hydrogel treated diabetic wounds exhibited much higher expression of α-SMA than that of the other three groups, followed by pure exosomes treated wounds. The α-SMA staining in FHE and control group was very weak. Moreover, blood vessels in the FHE\@exo hydrogel group appeared bigger size with lumen structure. The vessels numbers connected with smooth muscle cells was also counted according to the α-SMA staining results. Consistent with the visual observation, the vessel number of FHE\@exo hydrogel group in the wound site was approximately 45, while other groups showed only about 20 vessels. These data supported the *in vitro* findings of enhanced tube formation in cells treated with FHE\@exo hydrogel, indicating FHE\@exo hydrogel successfully promoted angiogenesis and blood vessels formation in the diabetic wounds.

From all of the above results we can see FHE\@exo hydrogel, which possesses properties of self-healing, injectability, antibacterial activity, and long term pH-responsive exosomes release behavior, has a potent effect in promoting the healing process of diabetic wounds. The efficient antibacterial ability protected diabetic wounds from infection, and none of the treated diabetic wound was infected during the experimental period. Moreover, compared with other reported hydrogels [@B21], [@B52], [@B53], the FHE\@exo hydrogel also showed excellent cytocompatibility, angiogenic ability and can significantly accelerate the diabetic wound repair and regeneration process. Specifically, once the FHE\@exo hydrogel was applied onto the diabetic wounds, the exosomes with specific miRNA and proteins also began to release from the hydrogel with a sustained profile. With these released exosomes, the angiogenesis of wounds was initiated, characterized by more newly formed vessels appearing within the wounds. Meanwhile, the proliferative activity of the involved cells was also promoted. With the increased neovascularization and proliferation, the granulation tissue formation, re-epithelialization and matrix deposition processes were accelerated, leading to shorter healing time and faster healing rates compared to exosomes treated wounds. Particularly, much less scar tissue and more skin appendages appeared in the late healing stage of diabetic wounds treated with FHE\@exo hydrogel, which is probably related to the sustained release of exosomes, as fewer skin appendages can also be found in wounds treated by pure exosomes. These results remind us that the sustained release of exosomes may facilitate complete diabetic wound healing with abundant skin appendages and scarless tissue. Further studies about the specific functional component of exosomes and its related molecular mechanism in diabetic wound healing should be investigated in the near future.

Conclusions
===========

In summary, a novel bioactive FHE\@exo hydrogel was fabricated facilely for enhanced angiogenesis and diabetic wound healing. The FHE\@exo hydrogel shows bioactive multifunctional properties including injectability, self-healing, antibacterial activity, stimuli-responsive exosomes release. The FHE\@exo hydrogel significantly improved the proliferation, migration and angiogenesis of HUVECs. Further *in vivo* study confirmed that the neovascularization and cellular proliferation of the FHE\@exo hydrogel treated wounds were promoted, leading to faster granulation tissue formation, re-epithelialization and collagen remodeling within wound sites; thus diabetic wound healing process was accelerated. Moreover, compared with the FHE hydrogel, exo and control groups, the appearance of abundant skin appendages and much less scar tissue in the FHE\@exo hydrogel group makes FHE\@exo hydrogel a highly promising therapeutic for chronic wounds and skin regeneration.

Supplementary Material {#SM0}
======================

###### 

Supplementary figures and tables.

###### 

Click here for additional data file.

This study was financed by National Natural Science Foundation of China (grant No. 51502237, 51802227, 51872224), Natural Science Foundation of Zhejiang Province (grant No. LGF18H150008), and Medical Health Science and Technology project of Zhejiang Province (grant No. 2019315934), Key Laboratory of Shaanxi Province for Craniofacial Precision Medicine Research, College of Stomatology, Xi\'an Jiaotong University (Grant No. 2018LHM-KFKT004).

![**Synthesis of injectable FHE hydrogel with multifunctional properties.** (A) Synthesis of oxidized hyaluronic acid (HA); (B) Schiff base reaction between oxidized HA and polypeptide (ε-poly-L-lysine, EPL); (C) Thermal-responsive sol-gel process of double network hydrogel composed of F127-EPL and oxidized HA; (D) Optical pictures showing the sol-gel transition of FHE hydrogel.](thnov09p0065g001){#SC1}

![**Physicochemical structure and multifunctional properties of FHE hydrogel.** (A) FTIR showing the chemical structure; (B) SEM images exhibiting the porous morphology; (C) Rheological properties exhibiting the G\' and G\'\' of various hydrogels at 4, 25 and 37℃; (D) G\' and G\'\' of various hydrogels when the step strain switched from 1% to 1000% at 37℃; (E) G\' recovery ratio of various hydrogel after two cycles of 1000% step strain at 37℃; (F) G\' of the initial hydrogel and the hydrogel after healing; (G) Pictures demonstrating the self-healing performance of FHE-5 hydrogels; (H) Photographs showing the injectable ability of FHE5 hydrogel through the catheter; (I) Images presenting the adhesive characteristic to the skin for FHE-5 hydrogel; (J) Schematic illustration of the self-healing process for FHE hydrogel.](thnov09p0065g002){#F1}

![**Characterization of AMSCs and AMSCs-exo.** (A) Size distribution of AMSCs-exo; (B) TEM micrograph of AMSCs-exo, scale bar: 200 nm; (C) Western blot analysis of AMSCs-exo markers of Alix, CD63, CD9 and CD81; (D) flow cytometry analysis of AMSCs markers of CD90, CD34, CD44 and CD45; n=3 independent experiments.](thnov09p0065g003){#F2}

![**Exosomes release and HUVECs biocompatibility evaluation *in vitro*.** (A) Scheme of pH- responsive exosomes release in FHE hydrogel; (B) pH-dependent release profile of loaded exosomes in FHE hydrogel; (C) CCK8 results of HUVECs treated by FHE or FHE\@exo hydrogels; (D, E) Transwell migration assay results of HUVECs with different treatments. HUVECs were treated with PBS (control), FHE, exosomes and FHE\@exo, and the cell migration of HUVECs was enhanced after exosomes or FHE\@exo treatment (scale bar: 50 μm); (F, G) *In vitro* tube formation results of HUVECs with different treatments. The tube formation ability of HUVECs was improved after exosomes or FHE\@exo treatment (scale bar: 200 μm).](thnov09p0065g004){#F3}

![**FHE\@Exo hydrogel accelerated wound closure.** (A) Representative images of healing process in wounds treated with FHE, exosomes, FHE\@exo and control; (B) Wound closure rates of all four groups; (C) H&E staining images of full-thickness wounds on days 7, 14 and 21, arrows indicate newly formed dermal appendages, scale bar: 1000 μm; (D) Quantification of the length of the wound site at day 7; (E) Quantification of the length of the wound area on day 14; (F) Quantification of the number of dermal appendages in the wound area on day 21.](thnov09p0065g005){#F4}

![**Histochemical analysis of collagen I and Ⅲ expression in wounds treated by FHE\@exo hydrogel.** (A, C) Immunohistochemistry staining images for collagen I and collagen Ⅲ at 7 and 21 days post-wounding, respectively; (B, D) Quantitative analysis of relative density of collagen I and collagen Ⅲ at 7 and 21 days after surgery, respectively; Scale bar: 50 *µ*m.](thnov09p0065g006){#F5}

![**Neovascularization evaluation of wounds treated by FHE\@exo hydrogel.** (A) Blood vessels stained with α-SMA (red) and DAPI (blue) in wound bed at days 7 postoperative. Scale bar: 20 *µ*m, respectively; (B) Quantitative analysis of vessels pre field at 7 days after surgery corresponding to α-SMA staining.](thnov09p0065g007){#F6}
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